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The distribution of p-aminohippuric acid in rat kidney slices.
II. Depth of uptake. Section freeze-dry autoradiography was
used to measure the depth to which concentrative uptake of
PAH-3H occurs within rat renal cortical slices in vitro under
conditions of varied incubation time, temperature and PAH
medium concentration. Depth of concentrative uptake appears
to be proportional to incubation time and approximately pro-
portional to the squarc root of PAH medium concentration.
When the medium PAH concentration is 1.3 mg/100 ml, the
slice-to-medium (S/M) concentration ratio increases progressive-
ly for three hours. However, autoradiography revealed that the
PAH concentration within those tubules demonstrating cellular
accumulation remained relatively constant after five minutes.
Thus, the increase in the S/M ratio with time of incubation
appears to reflect the increasing volume of tissue participating
in concentrative transport. The maximum depth at which con-
centrative uptake occurs appears to be limited by oxygen availabi-
lity. Autoradiography permits correction of tissue PAH con-
centration for the fraction of the slice actually showing cellular
accumulation, and thus reduces error when slice uptakes under
differing incubation conditions are compared.
Distribution dc l'acide para amino hippurique dans les tranches
de rein de rat. II. Importance de Ia captation. Des autoradio-
graphies de coupes aprês congelation ont été utilisées pour
mesurer l'importance de Ia captation du 3H-PAH par les tranches
dc cortex renal de rat in vitro, dans des conditions diverses de
duréc d'incubation, de temperature, de concentration de PAH
dans ce milieu. L'importance de Ia captation paraIt être propor-
tionnelle au temps d'incubation et approximativement propor-
tionnelle a la racine carrée de la concentration de PAH dans le
milieu. Quand celle-ci est de t.3 mg/tOO ml le rapport de concen-
tration tranche sur milieu augmente progressivement pendant
trois heures. Cependant l'autoradiographie a révélé que la
concentration du PAH a l'intérieur des tubules oü apparait une
accumulation cellulaire est pratiquement constante aprés cinq
minutes. Ainsi l'augmentation du rapport tranche/milieu en
fonction du temps d'incubation parait traduire l'augmentation
du volume du tissu qui participe au transport. Le facteur ii-
mitant Ia captation parait ëtre Ia disponibilité d'oxygéne.
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L'autoradiographie permet Ia correction de la concentration
tissulaire du PAH pour Ia fraction de Ia tranche montrant réclle-
ment une accumulation cellulaire. Ceci permet de réduire les
erreurs quand les captations par des tranches dans différentes
conditions d'incubation sont comparées.
The accumulation of p-aminohippuric acid (PAH) by
renal cortical slices has been widely employed for evaluation
of renal tubular secretory mechanisms [1]. Meaningful
interpretation of PAH uptake under different incubation
conditions requires that the fraction of tissue showing uptake
under each condition be either constant or accurately known.
Because PAH within the kidney is largely water-soluble,
it has not previously been feasible to determine where
accumulated PAH is located within the slice. We have used
section freeze-dry autoradiography to examine the intra-
renal distribution of tritiated PAH in renal cortical slices
under a variety of typical in vitro conditions. This technique
prevents contact between tissue and solvents prior to auto-
radiographic exposure and therefore permits localization
of diffusible labeled compounds in situ.
It seemed of importance for the interpretation of slice
uptake data to determine the actual volume of tissue
showing PAH accumulation when incubation time, tem-
perature and the PAH concentration in the medium arc
varied. These variables are generally thought to alter the
slice-to-medium (S/M) PAH concentration ratio by altering
transport throughout the slice at the cellular level. Auto-
radiography permits correction of S/M ratios for the frac-
tion of tissue actually participating in concentrative trans-
port; those tubules showing cellular accumulation are
demonstrated directly [2]. By permitting correction of the
S/M ratios for the volume of tissue showing uptake, auto-
radiography provides a more precise estimate of the PAH
concentration in transporting tubules than has previously
been available.
These autoradiographic studies indicate that themaximum
depth within the slice at which PAH accumulation occurs
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is determined by oxygen availability. Before the maximum
depth is reached, the depth of concentrative uptake of PAH
is approximately proportional to the time of incubation and
the square root of medium PAH concentration. Major
variations in the S/M ratio, therefore, appear to result from
changes in the depth within the slice at which concentrative
uptake occurs, as well as from variations in transport at the
cellular level.
Methods
Kidney slices. Male Sprague-Dawley rats weighing 225
to 560 grams were sacrificed by decapitation, and the
kidneys immediately excised, decapsulated and divided
into polar halves. Renal cortical slices were obtained with
a Stadie-Riggs microtome using a single sweep of the
microtome blade. In some experiments the hemi-kidney
was compressed in the microtome in order to obtain smooth-
surfaced, thick slices. The screws of the blade-guiding por-
tion of the microtome were loosened to obtain slices ap-
proximately 1 mm thick. The first hemi-kidney was sec-
tioned immediately after removal from the animal. The
remaining three hemi-kidneys were kept in incubation
medium chilled in ice until sliced. The first slice from each
pole was discarded. The second and third slices were placed
in alternate 25-ml Erlenmeyer flasks so that two flasks
contained four slices each (the second and third from the
pole) from the two kidneys of the animal. The entire pro-
cedure, from the time of sacrifice to beginning of incubation
took less than 15 minutes. Because slices were added to
flasks containing PAH over a period of 10 to 15 minutes,
incubation times recorded at the start of shaking under-
estimate true slice incubation times. This error becomes more
significant at low incubation times (0 to 60 minutes).
Therefore, for incubation periods of less than one hour,
onset of incubation was defined by adding PAH-3H to the
incubation fluid after all slices had been placed in the flasks.
Incubation. The flasks containing 3 ml of Cross and
Taggart medium with 10 m acetate unless otherwise
specified [1] were incubated in a Dubnoff metabolic shaker
set for 100 cycles/mm and at 25° C. Oxygen was supplied
by bubbling 100% 02 through the medium for 20 seconds
immediately before and after adding tissue slices. Humidi-
fied 02 was blown over the media throughout the incubation
period via capillary tubes inserted into the rubber stopper
of each Erlenmeyer flask. In some experiments incubation
was performed at 37° C. Unless otherwise specified, tn-
tiated PAH (108 mCi/mM) obtained from the New England
Nuclear Corporation, Boston, Mass., was added to each
flask in order to obtain an initial medium concentration of
approximately 1.3 mg/lOO ml and a radioactivity concen-
tration of approximately 7 jiCi/mi.
Autoradiography. At the completion of the incubation
period one slice was removed from each flask, placed on
aluminium foil and plunged into a 2: 1 mixture of propane-
isopentane previously cooled to about — 170° C in liquid
nitrogen. The frozen slices were transferred into metal
containers in the cryostat operating at lower than —35° C,
and stored in liquid nitrogen until sectioned. Sections 3 t
thick were cut, and freeze-dry autoradiography was per-
formed overnight at right angles to the plane of the slices
as previously described [3] with omission of Linde molec-
ular sieve 4A from the vacuum chamber. Adhesion of
tissue to film-coated microscopic slides was reinforced just
prior to developing by coating the fixed preparations with
gelatin.
Determination of PAH concentrations. The remaining
three slices in each flask were rinsed by being dipped into
cold medium containing no PAH, blotted and weighed on a
torsion balance. The weighed slices (60 to 300 mg) were
then placed in centrifuge tubes containing 2.0 ml iN HCI.
The centrifuge tubes were immersed in boiling water for
15 minutes, centrifuged, and a 20 !il sample of the super-
natant was taken for liquid scintillation counting. Twenty-
microliter samples of media taken after completion of in-
cubation were placed directly into liquid scintillation
phosphor [2]. No significant quenching was noted in this
system.
Calculations. Slice-to-medium PAH concentration ratios
were determined by dividing the concentration of PAH-3H
found in the three weighed slices by the concentration found
in the postincubation medium. When medium PAH-3H
concentration was varied, (S/M)— 1 was used instead of
S/M in order to correct for the diffusion of PAH-3H within
the slice as medium PAH concentration approached the
maximum that can be accumulated in the slice. In making
this correction, it was assumed that PAH-3H entering the
slice on a passive basis would lead to an S/M ratio ap-
proximating unity. Recoveries of tritium based on measure-
ments of slices (assuming the three slices represented 75 %
of total PAH accumulated by the original slices) and pre-
and postincubation media concentrations ranged from 96
to 103%.
The depth to which concentrative uptake occurred in the
slice was determined by examination of the autoradiograph
and overlying tissue in the light microscope. The depth of
concentrative uptake of PAH-3H in the slice and slice-
thickness were measured with the aid of stage and eyepiece
micrometers. Depth measurements were made only in
slices showing incomplete penetration by PAH-3H and no
overexposure of the autoradiograph. These measurements
were made from both surfaces of at least ten autoradio-
graphs from each slice, and the mean of these readings was
taken to represent the depth of concentrative uptake of
PAH within the slice. S/M ratios were corrected (TIM) for
depth of penetration by dividing the measured S/M ratio
by the fraction of the tissue actually showing PAH-3H
uptake (Fr):
S/M
T/M=----. (1)
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(S/M) —1 was used instead of S/M when medium PAH
concentration was varied, and the corrected ratio was A
designated T'/M'. The fraction of tissue showing uptake
of PAH-3H was estimated by assuming that the kidney
slice is elliptical in the plane of the original slice. The two
semiaxes of the ellipse were determined by direct measure-
ments of the second and third slice from the pole in 30 rats
(60 kidneys) whose body weight varied from 100 to 575 g.
The major (a) and minor (b) semiaxes for each kidney were 12 d
estimated from the linear regression developed from this
data (Fig. 1). For depth of concentrative uptake din a slice
of thickness y, the volume actually showing concentrative
transport was:
2irabd+xaby—[(a—d)(b—d)]y. (2)
This volume was calculated by subtracting from the whole
ellipsoid volume of the slice (ir aby) the inner ellipsoid B d
volume of tissue showing no uptake of PAH-3H. To this
shell was added the volume of the ellipsoid rings at the
meeting edges of the slice (Fig. 2) as an estimate of the
increased uptake at these junctures consequent to the in-
creased local availability of oxygen.
Thus, the fraction of the slice showing concentrative
uptake can be written:
(3)
Fig. 2. A) Cutaway schematic drawing for calculation of ellip-
soid volume of slice showing concentrative uptake. Ellipsoid
rings at edges (indicated by arrows) are included twice in the
calculation of F; a, major semiaxis of ellipse; b, minor semi-
axis of ellipse; y, width of slice; d, depth of uptake. B) Cross-
section of ellipsoid ring at edge of slice. Stippled area represents
region showing deeper concentrative uptake of PAH due to
increased availability of 02 at meeting edges. Doubling of
ellipsoid rings in calculated volume of uptake approximates this
volume.
This calculation of F is a modification of the formulation
of Cascarano and Zweifach [4].
Results
The effect of time of incubation. The uncorrected S/M
ratio for slices incubated in medium initially containing
1.3 mg/l00 ml PAH-3H increased with incubation time for
180 minutes (Fig. 3). During the first five minutes of incuba-
tion, concentrative transport of PAH-3H was limited to the
outermost layer of proximal tubules (Fig. 4). When correct-
ed for the actual volume of tissue showing uptake (TIM),
no significant change in tissue PAH concentration could be
discerned during the 180-minute incubation period. The
T/Mwas approximately twice the S/M.Although the volume
of tissue showing PAH-3H uptake increased progressively
from 5 to 180 minutes, the actual tissue PAH-3H concen-
tration remained relatively constant, ranging between 14
h
—
2rabd+maby—2r(d2+ab—db—ad)yF— maby
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Fig. 1. Effect of rat weight on semiaxes of kidney slices: a, major
semiaxis; b, minor semiaxis.
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Fig. 3. Effect of incubation time on slice PAH uptake [TIM, S/M
and tissue PAH concentration (mg/100 g)] in slices incubated for
5 to 180 minutes. Vertical lines represent standard error of mean.
Initial medium PAH concentration was 1.3 mg/100 ml.
and 19 mg/100 gm (Fig. 3). Figure 5 shows that the depth
of concentrative uptake increased linearly with time up to
180 minutes, reaching a maximum of about 0.3 mm when
preincubation medium PAH concentration was 1.3 mgi
100 ml. When preincubation medium PAH concentration
was 5.6 mg/100 ml, the 0.3 mm depth of concentrative
uptake was achieved after about 60 minutes of incubation.
Since the depth of uptake measured in slices incubated
without acetate was indistinguishable from the depth
observed in slices incubated with acetate, these data are
plotted together in Fig. 5 for preincubation medium PAH
concentrations of 5.6 mg/100 ml. No further increase in
depth of uptake occurred with incubation time after a
depth of 0.3 mm was reached regardless of medium PAH
concentration (Fig. 5). Although we have evaluated the
depth of uptake with respect to time as a linear function
(Fig. 5), it is clear that at zero time the depth of uptake is
zero and cannot be predicted by extrapolation of this graph
to less than five minutes.
The effect of temperature. When slices were incubated at
25° C, the maximum depth of concentrative uptake of
PAH-3H was 0.3 mm. When slice incubation was conducted
at 37° C, the maximum depth of concentrative uptake was
reduced to 0.16 mm. The uncorrected SIM was reduced
from 18.6 at 25° C to 5.9 at 37° C (initial medium concen-
tration 1.3 mg/l00 ml, time of incubation 180 minutes). In
spite of the increased luminal accumulation noted after
incubation at 37° C [2], the corrected tissue concentration
(TIM) was reduced from 23.3 at 25° C to 13.9 mg/100 gm
wet tissue at 37° C, indicating that the ability to maintain
a PAH concentration gradient was less during 180-minute
incubation at 37° C than at 25° C. The reduction in S/M at
Fig. 4. Autoradiograph showing PAH-3H uptake in kidney slice
after five-minute incubation in Cross and Taggart medium at
25° C. The edge of the slice is at the left-hand border of the
photomicrograph. Maximum autoradiograph grain density is
seen under three proximal tubules located at the slice edge.
Initial media PAH concentration 1.3 mg/100 ml. Depth of con-
centrative uptake is 0.06 mm. D, distal tubule. PAS and hema-
toxylin stain (x 318).
37° C appeared to be a result of a decrease in both depth of
uptake and the tubular capacity to maintain a PAH gra-
dient.
The effect of media PAH concentration. Autoradiographs
taken from renal cortical slices incubated for 90 minutes
at 25° C in Cross and Taggart media with varied PAH-3H
media concentrations showed that the disparity between
T'/M' and (SIM) — 1 progressively increases as the post-
incubation medium PAH-3H concentration is lowered
(Fig. 6). Above medium PAH concentrations of about
3 mg/100 ml, the difference between T'/M' and (S/M) —-
remained relatively constant. The increment in calculated
T'/M' at lower concentrations appears to be due to the fact
that full depth of concentrative uptake is not achieved during
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Fig. 7. Effect of PAH medium concentration on depth of uptake
for 90-minute incubations.
90-minute incubation at 25° C unless medium PAH-3H
concentration is greater than 3 mg/100 ml. The corrected
tissue PAH-3H concentration also reaches a maximum of
about 33 mg/l00 g wet tissue weight after 90-minute
incubation when PAH-3H medium concentration is 3 mg/
100 ml or higher. The depth to which uptake is demonstrable
after 90 minutes increases with increasing PAH medium
concentration up to 3 mg/l00 ml PAH (Fig. 7). At higher
medium PAH-3H concentrations, no further increase in
depth of concentrative uptake could be demonstrated. When
slices were incubated at 25° C, the maximum depth of
concentrative uptake was approximately 0.3 mm, regardless
of the medium PAH concentration (Fig. 5).
Discussion
This autoradiographic study of kidney slices demonstrates
that valid comparison of slice uptake under varied incu-
bation conditions requires careful attention to the actual
volume of tissue showing concentrative transport within
the slice. When the preincubation medium concentration
was 1.3 mg/l00 ml, the uncorrected S/M ratios varied over
a wide range (1.5 to 21.9), depending mainly on time of
incubation and slice thickness, with very little alteration in
the concentration of PAH within the fraction of tissue
showing slice uptake (Fig. 3). Moreover, the disparity
between the corrected T'/M' and the (S/M) — I is greatest
at low medium PAH concentrations for commonly used
incubation times. Uptake data obtained in studies utilizing
relatively low PAH concentration and/or short incubation
time may reflect the depth of concentrative uptake rather
than cellular transport capacity. In other words, increasing
S/M ratios may be a consequence of an increased fraction
of tissue showing uptake rather than an increase in tubular
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Fig. 5. Effect of incubation time on depth of concentrative uptake
of FAH. A maximum depth of uptake of approximately 0.3 mm
is reached regardless of medium PAH concentration. Preincu-
bation medium PAH concentration 5.6 mg/100 ml (closed
squares =with acetate, open squares = without acetate); 1.3 mg/
100 ml (closed circles). Preincubation medium concentrations
ranging from 3.8 to 22,6 mg/l00 ml (closed triangles).
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Fig. 6. Effect of medium PAH concentration on slice uptake
[T'/M', (S/M) — 1, tissue PAH concentration] in slices incubated
for 90 minutes at different media FAH concentrations. Lines
drawn by inspection.
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(Fig. 5). However, the increased depth of uptake for a
given incubation time resulting from increased medium
PAH concentration is curvilinear before the maximum
depth is reached (Fig. 7). When the depth of uptake after
90-minute incubation is plotted against medium PAH
concentration on log—log paper, a crudely linear relationship
is found (Fig. 8), with a slope approximately 0.5 before
maximum depth is reached. Depth of uptake, therefore,
appears to be proportional to the square root of the post-
incubation medium PAH concentration.
The plot of medium concentration versus depth suggests,
as predicted by Cascarano and Zweifach (4), that:
d2=d1]/ (4)
when d1 and d2 are the depth of uptake at a given time after
incubation is begun at medium concentrations C1 and C2
respectively. Equation (4) permits a prediction of the depth
of concentrative uptake for any medium PAH concentration
under comparable in vitro conditions as long as the limiting
maximum depth of penetration is not exceeded.
When depth of uptake is determined by direct measure-
ments in autoradiographs, kinetic analysis can be undertaken
by correction of the S/M or (S/M) — 1 for the fraction of
the slice showing concentrative uptake [equation (2)].
When the uptake data is plotted in the usual Lineweaver-
Burke form for derivation of apparent Michaelis-Menton
constants (Fig. 9), a shift in the corrected curve is seen.
When corrected, the apparent Km shifts from 0.07 to 0.04
(P.<0.01) while there is no significant change in the
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Fig. 8. Log—log plot of effect of medium PAH concentration on
depth of concentrative uptake. Incubation was for 90 minutes and
medium PAH concentration was varied. Slope of linear re-
gression line (d= bCm), calculated from depth of uptake measure-
ments when postincubation medium PAH concentration was less
than 3 mg/100 ml, was 0.41 (SD 0.09). The maximum depth of
0.3 mm is reached at a medium PAH of 3 mg/100 ml.
PAH concentrations. Slice uptake studies in which medium
concentrations are low (3 mg/100 ml or less), show a slow,
progressive increase in SIM ratio for several hours [1, 6 and
Fig. 3]. When much higher medium PAH concentrations
are used (10 mg/l00 ml or more), maximum SIM ratios are
achieved earlier [7, 8]. The increase in depth at which con-
centrative transport occurs during incubation cannot be
appreciated by examination of S/M ratios alone.
The depth of uptake of PAH-3H appears to increase
linearly with time until the maximum depth is reached
4
Uncorrected S/M — 1
S
700 10 20 30 40 50 60
I/S, L/mM
Fig. 9. Lineweaver-Burke plot of reciprocal of PAH tissue con-
centration (1 /V) versus reciprocal of medium PAH concentration
(us). Incubation time was 90 minutes. T'IM' indicates values
when tissue concentration is corrected for measured depth of
uptake. (S/M) — 1 indicates uncorrected data.
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Vmax value of 0.1. The increase in Km without change in
max in the uncorrected data could be mistaken for com-
petitive inhibition if usual kinetic interpretation were in-
appropriately applied to these Michaelis constants. While
the significance of Michaelis-Menton kinetics when applied
to uptake by renal cortical slices may still be questionable,
correction of uptake values for depth of uptake may reduce
the errors associated with this approach (8).
Our observations on the maximum depth at which uptake
of PAH occurs are consistent with the limiting depth of
penetration for oxygen predicted by Warburg (9). The
Warburg equation describes the limiting thickness, d', to
which 02 can penetrate from both sides of a slice when
taking into account its diffusion properties and tissue
utilization:
d'=8 C0-- (5)
where C0=partial pressure of 02 in incubation medium
relative to one atmosphere of oxygen, D =rate of diffusion
of 02 in acqueous solutions (cm2/min) and A =rate of 02
consumption (cc/cc tissue/mm).
At 25°C, D=l.Sx l01/min [9] and A=1.91 cc/cc
tissue/hr [10]. By substitution in equation (5) when C0 = 1
(100% 02 at atmospheric pressure), d' =0.06; hence
d'/2 =0.03 cm. Three-tenths mm is thus the predicted
limiting depth of penetration for 02 at 25° C and the meas-
ured maximum depth of concentrative uptake of PAH-3H
at this temperature in our autoradiographs. Thus for in-
cubations at 25° C, slices 0.6 mm thick or less must be
used if full-thickness concentrative uptake is to be obtained.
Similarly, the maximum depth of PAH uptake within
slices incubated at 37° C approximates the predicted limit-
ing depth of penetration for 02 at this temperature. At
37°C, D=l.7x 10 cm2/min [11], and A =4.33 cc/cc
tissue/hr [12]. By substitution in the Warburg equation:
d'=0.04 cm at 37° C and d=0.02 cm; the measured maxi-
mum depth of uptake of PAH-3H of 0.16 mm in our auto-
radiographs is consistent with this limiting value predicted by
the Warburg formulation. Thus it is necessary to cut slices
0.3 mm thick or less if uniform concentrative uptake is to
be achieved within the slice. Since it is difficult to consistent-
ly cut slices 0.3 mm or less in the Stadie-Riggs microtome,
renal cortical slice experiments performed at 37° C may
have incomplete penetration regardless of the substrates
studied. Any slice thicker than 0.3 mm will have no con-
centrative uptake in its center.
It therefore appears that the maximum depth of concentra-
tive uptake of PAH in thick slices is determined by 02 avail-
ability. Insufficient 02 is available to support transport in the
deeper regions of the slices. Histologic changes, presumably
due to anoxic necrosis [2], are particularly evident in the
central portion of slices greater than 0.3 mm thick when
incubated at 37° C. Morphologic damage is evident in the
narrow band running through the center which shows no
PAH uptake [see Fig. 2 and Fig. 5 in Ref. 2].
The pattern of PAH entry into renal cortical slices can be
envisioned from these studies. PAH enters the slice by
diffusion, but, initially, uptake is impeded in the deeper
regions of the slice by concentrative accumulation in surface
proximal tubule cells. This retardation of PAH entry into
the slice is a major component of the diffusion barrier
suspected by Burg [8]. Maximum cellular accumulation
occurs in surface tubules before PAH becomes available
for maximum accumulation in deeper regions. Penetration
into kidney slices by unimpeded simple diffusion is rela-
tively rapid compared to penetration under conditions
permitting cellular accumulation by the outer layers. The
relatively slow penetration rate apparent in our autoradio-
graphs (Fig. 5) is probably due to the retarding effect of
cellular accumulation, rather than to diffusion alone. After
the outer tubules become saturated, PAH then can diffuse
past the surface tubules in sufficient quantity to be accu-
mulated maximally by deeper-lying tubules. The depth of
concentrative uptake (before the limiting depth is reached)
depends mainly on the medium PAH concentration, in-
cubation time and the ability of tubular cells to accumulate
available PAH against a concentration gradient. The depth
of uptake after any incubation period appears to vary line-
arly with time and with the square root of medium PAH
concentration. The maximum depth at which concen-
trative PAH transport occurs correlates with the predicted
maximum depth of 02 availability within the slice.
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